Realization of advanced bio-interactive electronic devices requires mechanically compliant sensors with the ability to detect extremely large strain. Here, we design a new multifunctional carbon nanotube (CNT) based capacitive strain sensors which can detect strains up to 300% with excellent durability even after thousands of cycles. The CNT-based strain gauge devices exhibit deterministic and linear capacitive response throughout the whole strain range with a gauge factor very close to the predicted value (strictly 1), representing the highest sensitivity value. The strain tests reveal the presented strain gauge with excellent dynamic sensing ability without overshoot or relaxation, and ultrafast response at sub-second scale. Coupling these superior sensing capabilities to the high transparency, physical robustness and flexibility, we believe the designed stretchable multifunctional CNT-based strain gauge may have various potential applications in human friendly and wearable smart electronics, subsequently demonstrated by our prototypical data glove and respiration monitor. R ecent developments in flexible and stretchable electronics, either through structural consideration or by exploring novel materials 1, 2 , have imparted otherwise rigid and brittle electronic devices mechanical compliance and bio-compatibility, paving the way for energy-efficient, lightweight, . Although mercury-in-rubber strain gauge has been used in the biological measurements for decades 18 , the maximum strain limit and toxicity of mercury still block their practically wide applications. In addition, the combination of conformability and optical transparency will facilitate intelligent electronics and self-powered robot where strain sensors are integrated with optoelectronic devices and direct observation through the devices is necessary 3 . Therefore, stretchability and transparency have to be incorporated into strain gauges for many specific applications.
R ecent developments in flexible and stretchable electronics, either through structural consideration or by exploring novel materials 1, 2 , have imparted otherwise rigid and brittle electronic devices mechanical compliance and bio-compatibility, paving the way for energy-efficient, lightweight, portable, wearable and even implantable electronics 3 . Examples include stretchable and large area display that can undergo complex deformations 4 , bio-inspired material and structural designs that enable bionic functions 5 , and printable sensory system capable of detecting planar strains, normal pressure, temperature, light, moisture and chemical/biological species 6 . Multifunctional sensors, in particular, with sensing abilities akin to or beyond those of human skin [6] [7] [8] [9] [10] [11] [12] , are essential for applications such as interactive electronics 13 , structural health monitoring 14 , smart clothing 15 , robotic systems with advanced sensing capabilities 16 , human motion detection 8 and so on. Among the various types of sensors, strain gauge is one of the most important smart sensors, which have been widely used in the measurements of strain, acceleration and tension, as well as structural health monitoring. Conventional strain gauges, made of metal foils, register resistance changes under tensile strains. Actually, mechanical compliance and large strain range (?5%), obviously not the case of metal foils, are required to meet the demands of wearable electronics 15 , human motion detection 8 and interactive robots 17 . Although mercury-in-rubber strain gauge has been used in the biological measurements for decades 18 , the maximum strain limit and toxicity of mercury still block their practically wide applications. In addition, the combination of conformability and optical transparency will facilitate intelligent electronics and self-powered robot where strain sensors are integrated with optoelectronic devices and direct observation through the devices is necessary 3 . Therefore, stretchability and transparency have to be incorporated into strain gauges for many specific applications.
It is well known that the integration of stretchability into any electronic device relies on the realization of stretchable conductors that maintain stable and reliable electrical conductance under large strains (?1%) 3 . Traditionally, special designs in structures and configurations are adopted to obtain stretchability 1 . For instance, wavy structured ultrathin metal ribbons can withstand strains up to 100% by a mechanism where planar strains OPEN SUBJECT AREAS:
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are absorbed by the nonplanar movements of the arch-shaped parts while the metal ribbons themselves are subjected to minimum harmful strains 19 . An alternative approach to stretchability is to explore novel materials that are intrinsically stretchable 2 . For decades, people have been using conductive rubber based on elastomer loaded with carbon black. Their resistivity and strain dependence, however, are too large to be useful in stretchable electronics. Recent investigations suggested that acceptable performance could be obtained by replacing carbon black with more conductive and structurally favorable materials, e.g. carbon nantoubes 4, 20, 21 , graphene 22 , ultrathin metal films deposited on elastomer substrate 23 and metal nanoparticles dispersed in elastomer matrix 23, 24 . Carbon nanotubes (CNTs) are nanometer sized fibers with extremely high aspect ratio (.10 6 ), Young's modulus (,1 TPa) and tensile strength (,100 GPa), current carrying ability (10 9 A/cm 2 ), and thermal conductivity (3500 W/mK) 25 . By virtue of the small sizes and ultimate fibril structures, macro-assemblies of CNTs take diverse organizing forms 26 , providing plenty of opportunities for the realization of various CNT-based functional materials and devices [27] [28] [29] . Particularly, the intertwining and curvilinear attributes of the CNTs make them intrinsically stretchable and suitable for the fabrication of stretchable devices. In addition, ultrathin CNT films have shown excellent transparent-conductive performance and are most competitive candidates for the fabrication of highly transparent and stretchable electrodes 7, 30, 31 . Reported examples include stretchable interconnects and electrodes based on ultrathin films and vertical aligned forests of CNTs embedded in elastomers 30, [32] [33] [34] [35] , as well as super-growth CNTs dispersed in elastomer matrix 4, 20 . Furthermore, several CNT-based stretchable electronic and optoelectronic devices-organic light-emitting diodes (OLEDs) 36 , super capacitors 37 , large area displays 4 , thermoacoustic loudspeakers 38 , and field effect emitting device 39 , to name a few-have also been demonstrated. In the particular case of strain gauges, the realization of stretchability requires not only stretchable conductance but also recoverable and stable, often resistive or capacitive, responses to large strains. Both resistive and capacitive stretchable strain gauges that could detect strains up to 100% have been demonstrated based on carbon nanotubes 8, 17 . However, fabricating stretchable strain gauges with high sensitivity, optical transparency, durability and stability in a simple and large-scale manner still challenges the scientific and engineering communities. Here we design a new multifunctional CNT-based capacitive stretchable strain gauges that can measure strains as large as 300%, with high sensitivity (close to 1), excellent durability (10000 cycles at 100% strains), fast response (delay time well below 100 ms), high optical transparency (nearly80% at 550 nm), excellent stability and no hysteresis or relaxation.
Results
Operating principle and fabrication of CNT-based transparent capacitive strain gauges. To create the strain gauges, two layers of CNT films, acting as electrodes, were laid on the two sides of a lamina of silicone elastomer to form a parallel plate-like capacitor. The fabrication procedures are schematically shown in Fig. 1a and details can be found in Methods section. When the sample is stretched, the changes in strain manifest themselves as changes in capacitance. As a result of uniaxial stretching, the sizes of the sample change, in particular: its length increases while its width and thickness decrease, due to the famous Poisson effect, which will lead to a rise in the total capacitance (as illustrated in Fig. 1b) . Assuming the silicone elastomer film was isotropic and incompressible, the sizes of the deformed sample can be expressed as
where l 0 , w 0 and t 0 denote the length, width and thickness of the device in its natural state, and e is the applied strain. where C 0 denotes the initial capacitance, e 0 and e r represent the permittivity of vacuum and the relative permittivity of silicone, respectively. Consequently, the simple parallel-plate model predicts a linear capacitive response to the applied strain, providing that the overlap between the opposing CNT films is stable. In addition, the capacitive gauge factor, defined as (DC/C 0 )/e, equals to 1. We want to note here that the fringing effect should be taken into account for capacitors with finite-size electrodes. According to Palmer's calculations 40 , the exact value of the length-normalized capacitance of a parallel plate capacitor is determined by the ratio of w/t, where w and t represent the width of the electrodes and the separation distance between them, respectively. In the case of Poisson capacitive strain gauge discussed here, the electrodes width and separation distance change synchronous when stretched so that the w/t ratio, thus the length-normalized capacitance remains constant. That means, Palmer's model should predict the same linear response with the simple ideal parallel-plate model.
Carbon nanotube films, mainly consisting of single and double walled nanotubes, were synthesized continuously from a floating catalyst chemical vapor deposition (FCCVD) furnace 41 . The sheet conductance and optical transparency of the films could be controlled by adjusting the growth conditions. The films were composed of random networks of CNT bundles with diameter of about 20 nm, as shown in Fig. 2a ,b. Despite that CNT films with extremely high transmittance (as high as 95% at 550 nm) could be obtained, they were not suitable for the Poisson capacitive strain sensors because of the existence of micrometer-sized voids, as shown in Fig. 2a . These voids might lead to unpredictable capacitive responses due to the unstable overlap between the opposing CNT films. Besides, the large value and standard deviation of resistance ( Fig. 2c ) of such films might lead to unreliable strain gauging performance of the final device. The compromise between the transparency and nanotube coverage should thus be a careful consideration in the preparation procedure of the CNT-based strain gauges. In order to obtain optimum stretchability, transparency and stability, we chose CNT films with a transmittance of 90% at 550 nm. Microscopic morphology characterizations (Fig. 2b ) confirmed that such films possessed full areal coverage, ensuring stable overlap between the opposing electrodes and reliable sensing performances of the resulting strain gauges. In addition, their sheet conductance (Fig. 2c) is sufficient for the transparent capacitive strain gauges. Figure 1c shows the digital image of two as-prepared transparent capacitive strain gauges, manifesting their optical transparency. As shown in Fig. 1d , thanks to the noninvasiveness of the fabrication method and the optical transparency of silicone elastomers 30 , the strain gauge devices retained the high transmittance of the original CNT films, which has not been reported in literature. Two kinds of silicone rubber were used, namely Dow Corning Sylgard 184 (noted as PDMS) and Smooth-on Dragon skin 30 (noted as Dragon skin). The maximum strain that PDMS elastomer can sustain is 160%, limiting the large strain performance of the resulting strain gauges which usually break at strains around 130%. For the strain gauges subjected to strains larger than 150%, Dragon skin (elongation, 364%) was selected. Even though Dragon skin is described to be www.nature.com/scientificreports SCIENTIFIC REPORTS | 3 : 3048 | DOI: 10.1038/srep03048translucent, excellent transparency could be acquired when the thickness was less than 1 mm.
Stretchability of the composite electrodes. The stretchability of the CNT/PDMS electrodes is crucial for the sensing performance of the final devices. Therefore, prior to capacitive response characterization, we investigated the resistance changes of the composite films under progressively increasing strains. As shown in Fig. 2d , strain-history dependence behaviors, featured by resistance plateaus, were observed 7, 30 . The resistance kept unchanged in a certain strain range defined by the maximum strain ever applied. The sample remained conductive until mechanical failure over 140% strain, near the fracture strain of PDMS. To highlight the role of silicone matrix, we conducted in situ SEM characterizations on both neat CNT films and CNT/PDMS composite films (See Supplementary Fig. S1 ). The resistance of neat films rose steeply when the applied strain exceeded , 15%, as a result of the ubiquitous gaps with sizes up to around 100 mm which were initiated by the stress concentration at weak points in the pristine films. CNT/PDMS composite films, in contrast, showed relatively moderate increase in resistance and only occasional, several-micrometer-sized gaps even under strains as high as 100%. The silicone matrix evidently mitigated the concentration of stress, not only maintaining the structural integrity but also relieving the resistance increase of the composite films, both of which were beneficial for improving the strain gauging performances of the final devices. Thanks to the superior stretchability of the composite electrodes, the resulting strain gauges show excellent capacitive characters under a strain of 100% and excitation AC frequencies up to 200 kHz (see Supplementary Fig. S2 ). Nevertheless, the viscoelastic signatures, i.e. clear hysteresis and drift-over-time, deteriorated the resistive strain sensing capability of CNT/PDMS composite 30 . As to the presented CNT-based capacitive strain gauges, we will show below, the capacitance changes are absolutely stable, predictable and deterministic.
Strain gauging performances. We have to mention that the raw experimental data deviated from the predicted linear behavior once the applied strain exceeded 100%, which was attributed to the influence of the clamps. We adopted a special data treatment procdure to obtain the exact capacitive responses of the undisturbed strain gauges (see Supplementary Fig. S3 and Supplementary Note).
A strain gauge made from CNT/Dragon skin was subjected to a test with a complicated strain profile where the strain targets were progressively increased from 1% to 300%. A typical capacitive response curve was shown in Fig. 3a . In contrast to the resistance changes of the electrodes under a similar strain test (Fig. 2d) , the capacitive response does not depend on the strain history, indicating reliable and deterministic performances of the CNT-based capacitive strain gauges. Besides, the triangle and trapezoid strain features were captured with high fidelity even at a strain as low as 1% (inset of Fig. 3a) , implying that the smallest strain which was detectable should be well below 1%. Figure 3b presents the capacitive responses of a sample device made from CNT/PDMS elastomer, in both stretching and releasing phases during a ramp process with a maximum strain of 100% and a speed of 5%/s. The simple linear model fit the experimental data perfectly (R 2 , 0.9999) with a slope of 0.97. Notably, no hysteresis was observed between the loading and unloading phase, highlighting the deterministic feature of the capacitive sensors. In addition, comparably excellent performance was obtained in the case of sensors made from CNT/Dragon skin elastomer in a much wider strain range of 0-300%, sufficient for most applications (See Supplementary Fig. S3 and S4) . Furthermore, the gauge factor of our device is very close to the predicted value and represents the highest gauge factor of any strain gauge capable of detecting strains larger than 200%.
Long time durability is essential for practical applications because the devices will probably be exposed to long term and frequent use. We investigated the endurance of our strain gauges under repeated loading-unloading tests where the samples were cycled between valley (zero for all tests) and peak strains (100%, 150% and 200% in three parallel tests) with a sawtooth wave profile at a speed of 10 mm/ s. Every thousand cycles, a ''step-and-hold'' test was taken where the sample was stretched to the maximum strains at a speed of 5 mm/s and held for 10 seconds before the strains were removed. Figure 3c shows the relative changes in capacitance, at both valley and peak strains, versus number of cycles. In all cases, the capacitance was very stable over the courses of cyclic stretching tests until the samples' catastrophic ruptures. The slow upward drift observed in the test with 150% strain was attributed to the poor fixing at the clamps, for the valley and peak capacitance drifted in tune. Figure 3d presents the curves of the first and the subsequent ''step-and-hold'' tests. For clarity, the curves with peak strains of 100% and 150% were offset along the horizontal axis. The baselines (the first ''step-and-hold'' test) and subsequent curves overlap each other, indicating excellent stability and reliability of our strain gauges. The tests with peak strains of 100%, 150% and 200% ended by structural failures at around the 10,000th, 3,800th and 1,800th cycle, respectively. It should be noted that the fracture initiated at the clamping points for all samples, implying that better endurance could be achieved by optimized structural or geometric designs. The only stretchable strain gauge that showed comparable durability with our device was reported by Yamada and coworkers (10,000 cycles at both 100% and 150% strains) 8 . Most CNT based resistive strain gauges show poor dynamic response featured by obvious overshoots and relaxation, due to the viscoelasticity of polymer matrix and ubiquitous frictions between CNTs and polymer molecules. We investigated the dynamic response of our device by cycling the sample between 0 and 100% strain at a speed of 20 mm/s, with a recovery time of 10 seconds at each stage. The capacitive response is almost instantaneous with a delay time well beyond the resolution of our instruments (,100 ms), as shown in Fig. 3e . Furthermore, no noticeable overshoot or relaxation was observed, as can be seen in the inset of Fig. 3e . These results were impressive, since the resistance changes of the composite electrodes suffered from severe overshoots and relaxation. Despite the viscoelasticity of silicone elastomer and frictions between CNTs and polymer molecules, the capacitive response of our strain gauges is very fast, stable and deterministic, making them suitable for applications where dynamic loading is involved. The sample was further subjected to a series of random strains, the values of which were generated by a random number generator, at a speed of 20 mm/s and with a holding time of 10 seconds, as shown in Fig. 3f . The capacitance changes were found to well match the strain values measured by the laser motion monitor, with the average normalized deviations on the order of 10
To the best of our knowledge, this is the first report of uniaxial strain gauges that can detect strains up to 300% with resolution , 1%, own superior optical transparency, durability and fast response, and are free of hysteresis and creep. In addition, our strain sensors exhibit excellent linearity throughout the whole strain range, which is beneficial for many practical applications. Furthermore, our devices are monolithic and the polymer coating can protect the CNT electrodes from humidity and chemical species that might affect the electronic properties of carbon nanotubes. However, temperature variation might affect the capacitive response due to thermal expansion and contraction. We measured the capacitance of a strain gauge while the environment temperature rose from 20uC to 100uC and found a temperature sensitivity of 20.13%/uC (See Supplementary Fig. S5 ), in agreement with the calculation of Cohen et al 17 . This small temperature coefficient indicates that our strain gauges, unlike traditional piezoresistors, are essentially invulnerable to temperature changes. Besides, temperature variations are often characterized by slow drifts and can be compensated by a thermometer.
Human motion detection. The technological goal is to integrate such sensors onto smart clothes or directly onto the body to monitor human motions in real time (see Fig. 4 and Supplementary Movie S1), which might find applications in rehabilitation, virtual reality and health monitoring. We demonstrated a prototypical data glove by integrating a strain gauge onto a rubber glove to detect the bending movements of the fingers. Unlike optical fibers and metal foil strain gauges that are widely adopted as the sensing elements in cyber gloves 42 , our stretchable strain gauges allow easy and multiple integration and do not constrain the motions of hands. When the demonstrator's fingers were gradually folded, the capacitance of the sensor increased step by step (stage I to V, Fig. 4a) , distinguishing every single slight bending. The capacitance returned to the initial value once the fingers were completely unfolded (stage VI to VIII, Fig. 4a) . Notably, when the finger was kept at a certain angle, the sensor's capacitance remained constant, thanks to the excellent stability and reliability of the capacitive strain gauge. The unexpected sharp peaks, e.g. the one marked by the arrow, arose from an accidental disruption of the copper wire electrodes. Replacing silver paste with liquid metal, e.g. Galinstan 7 , or stretchable CNT conductive paste can be a good solution 4, 8 . The use of this kind of sensors in various areas might benefit both daily and engineering activities. For example, the sensors might help to remotely control slave robots in doing delicate or dangerous work that may be out of reach for human body. In another demonstration, a strain gauge was assembled with a balloon (Fig. 4b) to measure the strains associated with the inflation and deflation of the balloon, resembling the movements of human chest while inhaling and exhaling. Unambiguous capacitance rises and drops occurred when the balloon expanded or shrank, as shown in Fig. 4b . In order to manifest the applicability of such a device, we bonded a device onto a bandage, and used it to monitor the movements of human chest while breathing. The device exhibited distinct response to every heave of the chest (Fig. 4c) . The profile of the capacitive response curves-slopes, frequency and amplitudesreflects that of human respiration. In addition, spatial resolution can be achieved by integrating several strain gauges at multiple locations and along different directions. Such devices can be used as human health monitors, such as the construction of early warning system for sudden infant death syndrome (SIDS) 43 .
Discussion
We designed and fabricated a new transparent and stretchable CNTbased capacitive strain gauge that could detect strains from below 1% to 300% with excellent linearity and high sensitivity. Systematic and elaborate strain tests confirmed superior stability, durability and reliability of the devices. A combination of outstanding strain gauging performances, optical transparency, physical robustness and easy fabrication may promise potentially wide applications in bio-interactive and intelligent electronics, as exemplified by the prototypical data glove and respiration monitor. In addition, large scale production and patterning can be realized by applying roll-to-roll assembling, stencil masking and laser cutting strategies. Furthermore, the sensitivity of the strain gauge can be further improved through optimizing the device structures or tailoring the properties of dielectric medium, e.g. adopting an anisotropic elastomer with different inplane and out-of-plane Poisson ratios. Therefore, our investigations represent an inspiring achievement in overcoming the drawbacks of conventional sensors and may provide a new way to construct newgeneration multifunctional wearable and implantable electronics for plenty of applications.
Methods
Synthesize of CNT films. Carbon nanotube films were continuously grown through a floating catalyst vapor deposition (FCCVD) method similar to that of Windle et al 41 .
The sheet resistance and optical transmittance could be controlled by adjusting the growth conditions. The films were collected onto PET frames with rectangular hollows of the desired sizes.
Preparation of silicone lamina. For the PDMS lamina, silicone oligomer (Dow Corning, Sylgard 184 silicone elastomer kit) was mixed with cross-linker (weight ratio 1051), stirred for 20 minutes, degassed, poured into a petri dish and cured at 70uC for 2 hours. For the Dragon skin (Smooth-on, Dragon skin 30 trial size) film, similar procedure was applied, whereas the weight ratio of part A to part B was 151 and the curing conditions were 70uC and 4 hours. The thickness of the silicone films was controlled to be below 0.5 mm.
Fabrication of capacitive strain gauge. PET frames bearing CNT films were brought into contact with the PDMS lamina and the CNT films were transferred onto the surface of PDMS. The stickiness of PDMS and high surface energy of carbon nanotubes ensured good adhesion between PDMS and CNT films. An overlap length of at least 10 mm was ensured between the CNT films on the two sides of PDMS. Then, the CNT/silicone/CNT was cut into strips of 2 mm wide. Copper wires were connected to the opposing CNT films at the two ends using silver paste. Finally, the whole device was immersed into liquid PDMS so that molecular coupling was formed between the nanotubes and PDMS molecules. For the demonstration of human motion detection, a strain gauge was integrated onto the targets, i.e. the rubber glove, balloon and bandage, using room-temperature-vulcanized (RTV) rubber paste. The electrodes were left free so as not to be disturbed by the strains of the targets. All the experiments that were conducted on human fingers and chest were performed under guidelines and regulations. No other human subjects were involved in our experiments or manuscript.
Cyclic strain tests. Tensile strains were loaded and unloaded using a laboratory-made stretching stage equipped with a stepper motor and controlled by the computer. The stage consisted of an actuating unit (moving part) and a stationary part. Before stretching operation, the sample was clamped onto the stage with the stretching part of about 10 mm in length, leaving the copper wires outside the stretching part.
Characterization methods. Resistance of the CNT films and composite films was measured using a Keithley 2400 multimeter. Capacitance of the devices was measured by a NF ZM2353 LCR meter, whereas a capacitive Wheatstone bridge can serve as a more convenient and portable alternative. An excitation frequency of 5 kHz was chosen to ensure both good signal-to-noise level and capacitive characteristics. The displacement of the actuating unit, thus the strain of the sample, was precisely monitored using a laser displacement sensing system (Keyence, LK G5001V and LK-H050). All the above equipment was controlled by the computer through a LabView program. All the mechanical-electrical characterizations, unless specially stated, were conducted at ambient environment. Microscopic morphology was characterized using a scanning electron microscopy (SEM) system (HiTachi FESEM 4800). Optical transmittance spectra were recorded by a UV-vis-NIR spectrometer (Varian Cary 5000).
In situ SEM characterizationunder tensile strains. In order to avoid the complete failure of CNT films when subjected to large strains, neat films were laid onto cured PDMS and flattened with ethanol to ensure good adhesion between the CNT films and PDMS substrates. The composite films where CNTs were embedded in PDMS matrix were not suitable for in situ morphological characterization because of the thick coating of insulating polymer. Therefore, special consideration was necessary to make CNTs in composites visible under electron beams. We firstly flattened a piece of CNT film in a petri dish, then poured liquid PDMS onto the film and cured. In this way, CNTs was inlaid into just the top surface of PDMS and allowed to be seen under electron beam. In fact, an ultrathin composite layer was formed because the voids of CNT film was penetrated and filled with PDMS molecules. In situ SEM characterization was conducted where the sample was mounted onto a specially designed stretching stage that fit the size of the chamber of the SEM.
Temperature coefficient estimation. We assessed the temperature stability of a strain gauge device by measuring the capacitance under controlled environment temperature, which rose from 20uC to 100uC at step of 10uC. A stabilization time of 1 hour was held for each value of temperature.
